Light scattering measurements were made on proteoglycan monomers (PGM) over a wide range of ionic strengths C s ' and proteoglycan concentrations [PG]. At low C s there were clear peaks in the angular scattering intensity curve I(q), which moved towards higher scattering wave numbers q, as [PG] 1/3. This differs from the square root dependence of scattering peaks found by neutron scattering from more concentrated polyelectrolyte solutions. The peaks remained roughly fixed as C s increased, but diminished in height, and superposed I(q) curves yielded a sort of isosbestic point. Under certain assumptions the static structure factor S( q) could be extracted from the measured I(q), and was found to retain a peak. A simple hypothesis concerning coexisting disordered and liquidlike correlated states is presented, which qualitatively accounts for the most salient features of the peaks. There was evidence of a double component scattering autocorrelation decay at low C" which, when resolved into two apparent diffusion coefficients, gave the appearance of simultaneous "ordinary" and "extraordinary" phases. The extraordinary phase was "removable," however, by filtering. At higher C s the proteoglycans appear to behave as random nonfree draining polyelectrolyte coils, with a near constant ratio of 0.67 between hydrodynamic radius and radius of gyration. The apparent persistence length varied as roughly the -0.50 power of ionic strength, similar to various linear synthetic and biological polyelectrolytes. Electrostatic excluded volume theory accounted well for the dependence of A2 on C s •
INTRODUCTION
Proteoglycan monomers (PGM), consisting chiefly of sulfated glycosaminoglycans (GAGs) linked to a protein backbone, I are major constituents of extracellular matrices. In cartilage, for example, it is thought that aggregates of these structures, formed by noncovalent attachment of the PG monomers to a hyaluronic acid backbone,2-4 playa fundamental role in maintaining swelling pressure and providing tissue resilience and compressibility. 5.6 It seems probable, in turn, that these pressure related properties are strongly linked to the polyelectrolyte nature of the proteogIycans.
The current picture of proteoglycan monomers, such as are extracted from bovine nasal cartilage, is that of a linear protein backbone on the order of 4000 A in contour length and of molecular weight around 300 000, with sulfated GAGs of varying molecular weights up to 20000 daltons and contour lengths up to around 400 A covalently attached at serine-glycine residue pairs. 7 -9 In this picture for the PGM the distribution of GAGs (chiefly chondroitin and keratan sulfate and smaller oligosaccharide fragments) is not thought to be simple or regular. There are roughly 150 GAG chains along the core protein. The core protein itself contains subregions, including a link protein for binding to hyaluronic acid in forming the proteoglycan aggregate. 10.1 1 The total weight of the PG monomer ranges from 1 to 4 X 10 6 daltons. 12 Proteoglycan polydispersity is thought to be due chiefly to proteolytic degradation of the core protein. 8 This type of simply branched polymer is generally referred to as a "graft copolymer."
a) To whom correspondence should be addressed.
The aim of the current work is to determine how proteoglycan monomers behave as individual polyelectrolytes and how they interact with each other at low concentrations. Comparison will then be made with polyelectrolyte theories and other experimental results.
In the picture of polyelectrolyte behavior evolving over the last few decades, there have emerged certain general concepts and experimental properties most directly applicable to linear polyelectrolytes. The Poisson-Boltzmann equation at various levels of approximation and in different geometries has been used to predict electrostatic persistence lengths l3 • 14 and to predict counterion condensation. 15 . 16 Viscosity and light scattering data have been related to the concepts of apparent intrinsic and electrostatic persistence lengths via the wormlike chain model. The problem of excluded volume becomes especially difficult with addition of the electrostatic factors, and has led to a number of different approximate theories. 17 -19 The hydrodynamic friction factor has also been treated in the wormlike chain model in a manner similar to neutral polymers. 2 0-22 Significant divergences from such theories, however, have been found. 23 -25 At low ionic strengths, neutron scattering peaks have been found for polyelectrolytes in solutions free of added electro-I t 26-28 d' . k r .
y e, an, m one case, scattenng pea s were lound m the visible for extremely dilute linear polyelectrolytes. 29 Oddly, a so-called "extraordinary" hydrodynamic phase observed by dynamic light scattering at low ionic strengths has been found for some polyelectrolytes, such as poly-L-lysine,30 DNA,31 polyvinyl pyrrolidone,32 polystyrene sulfonate,33 but not for others. 23. 34 The current work combines dynamic and static light scattering data on bovine nasal PGM over a wide range of ionic strengths and proteoglycan concentrations [PG] . At no added salt there are very well defined scattering peaks for I( q), whose position shifts as [PO] 1/3. As such solutions are titrated with small amounts of salt the peaks change in a fashion reminiscent of an isosbestic point. These results are discussed in terms of a simple hypothesis concerning mixed "locally correlated liquidlike" and "disordered" states. Dynamic scattering behavior at low ionic strength is marked by a two component autocorrelation decay, which is reminiscent of the extraordinary and "ordinary" phases seen for other polyelectrolytes in low ionic strength conditions. The extraordinary phase, however, seems largely removable by filtering. At ionic strengths above about 0.5 mM the prediction of a ratio of 0.67 for random coil hydrodynamic radius to radius of gyration in the nonfree draining limit is closely obeyed. The apparent persistence length follows an inverse square root dependence on ionic strength, which is not well fit by electrostatic persistence length and excluded volume theories. The latter theories, however, give a good account of the dependence of A2 on C s •
MATERIALS AND METHODS
Proteoglycan monomers were a gift from Dr. Anna Plaas. According to the basic method of Heinegard and Sommarin,35 they were extracted from bovine nasal cartilage in guanidine hydrochloride (GnHCl) and purified by two cesium chloride density gradient ultracentifugations under "associative conditions" (i.e., at moderate ionic strength, so that the proteoglycan monomers remain associated in aggregates around a hyaluronate backbone). Final purification involved a cesium chloride density gradient ultracentrifugation under "dissociative conditions" (i.e., at high ionic strength, 4 M OnHCI, to dissociate the porteoglycan monomers from the hyaluronate backbone). The high buoyant density fraction (p> 1.6 g/cm3), often referred to as "AIAID}" PG monomer, was collected and dialyzed against 50 mM sodium acetate at pH 6.8. The samples at 7 mg/ml, were then stored at -20°C until use.
To prepare samples for light scattering, they were dialyzed exhaustively against pure, deionized water (conductivity <} pS) for about 66 h, with four changes of water. The conductivity of the water external to the dialysis sack was practically equal to that of the pure water by the end of the dialysis period. The final external water was filtered through 0.22 pm Nylon 77 membranes and centrifuged} h at 10 000 g to eliminate dust and particles. This water was then used in diluting the salt-free proteoglycans solutions to desired concentrations. The pH of these final solutions was around 3.8-4.0. It usually then sufficed to filter these solutions through a 0.22 pm membrane just prior to light scattering experiments. In some cases solutions were filtered through 0.1 pm polypropylene membranes. Data from such solutions are specifically indicated.
For determining [PG] after dialysis and other handling procedures, a calibration was made by careful dilution of the stock 7 mg/ml PG in 50 mM sodium acetate solution to lower concentrations (0.1-2.5 mg/ml) and measuring the absorption shoulder at 210 nm. The concentration of the original 7 mg/ml stock was determined by a dimethyl methylene blue sulfated glycosaminoglycan binding assay.36 The absQrption measurements were made in a 1 mm path length cell on a Hewlett-Packard 8451A diode array spectrophotometer, and gave an extinction coefficient of 3.856 mg/ml X cm. This factor was subsequently used for all determinations of [PG] .
Investigation of ionic strength effects was done with NaCI solutions. Throughout the text C s will be used to designate in mM, the amount of added NaCI in a solution. For purposes of estimation, the ionic strength due to the PGM counterion can be taken as 1.8 mM/( (mg/ml ofPG).
Light scattering measurements were made with a vertically polarized 5 W argon ion laser (A = 4880 A) as the source, a custom built goniometer with a Thorn EMI headon photon counting photomultiplier tube, and a BI 2030 autocorrelator. Details of the apparatus, including calibration procedures, were reported previously.37 Static scattering data is usually expressed as Ke/ I, where
, e is the solute concentration in g/cm 3 , dn/de is the differential refractive index (measured on a Bryce-Phoenix differential refractometer), NA is Avogadro's number, and I is the absolute Rayleigh ratio. All measurements were carried out at 25°C. The angular range of static and dynamic scattering experiments was typically 20°_140° with steps every 2°_5°. Dynamic light scattering data were generally analyzed by the standard cumulants procedure 38 and the ratio of the second cumulant to first cumulant value squared Q, was used as a rough indicator ofpolydispersity. As no detailed knowledge of the PGM population molecular mass distribution was available, no attempt at polydispersity corrections was made in interpreting the data. Figure 1 shows a typical Zimm plot for PO in 1 M NaCl. A value of 0.147 was measured for dn/de. The weight average molecular weight M w is 1.16 ± 0.3 million, the root mean square z-average radius of gyration (R ~ > z is 600 ± 50 A, and the second virial coefficient is 1.7 ( ± 0.2) X 10 -4 cm 3 mol/g. Other Zimm plot determinations gave M w closer to 1.5 million. As the precise M w is not critical to the results or their interpretation the value of 1.16 million will be used consistently in subsequent calculations. At any rate, these M w, A z , (R; > z and dn/ de values are comparable to those obtained by other workers. 12, 39 The straightness of the FlO. I. Zimm plot for PO in 1000 mM C" pH unadjusted. Using M = 1.16 X 10 6 the calculated line is shown on the ations here we note that with M = 1.6 million, the calculated and experimental points in the Fig. 2 inset almost perfectly overlap.
RESULTS
It is well known that to a first approximation the scattered intensity should be proportional to the reciprocal ofthe diffusion coefficient. 41 Figure 3 If the peak locations were related to correlation distances controlled by electrostatic potentials, then the peak may be expected to shift before it disappears as ionic strength increases. Figure 4 shows the behavior of a peak for 0.253 mg/ml PG at various ionic strengths. Interestingly, the peak does not shift in any obvious fashion, but rather just diminishes in height, and finally disappears by about 0.3 mM C s • The peak in S( q) in Ref. 26 also did not shift with increasing C" although C p in that case was much higher (29 mg/ml deuterated polystyrene sulfonate of M w = 72 000). Also remarkable is that in the superposition of the curves there is one value of q for which I(q) remains almost constant. This is reminiscent of an isosbestic point, which results when spectrophotometrically observing the conversion of one chemical species to another. This suggests the coexistence of two "states," each of which produces a particular I(q). This will be pursued in the Discussion. (Similar behavior of the I(q) peaks as C s increases is observed in Fig. 10 , which is presented later.)
Figure 5 (a) shows curves of Ke/ I vs q2 for 1.0 mg/ml PG at various C s • The slope is initially negative, but as C s increases it becomes less negative, then zero, then grows in the positive sense, then decreases. The Ke/ I lines are extrapolated to higher q2 for purposes to be made clear in the 
Ca) sin 2 C8/2) providing that Q(q) is a constant, as is seen to be true, e.g., in The non-free-draining nature of the PG monomers is clear, since Dh is independent of Rg in the free-draining case.
The non-free-draining character is also significant in that, whereas non-free-draining is often simply assumed to hold for linear polyelectrolytes, recent reports on very long linear polyelectrolytes (i.e., containing many Kuhn segment lengths) show that they are far from the non-free-draining coillimit. 23 -25 In fact, within error bars, the Dh ofhyaluronate and variably ionized sodium polyacrylate (PA) were found to be independent of Rg over a wide ionic strength regime. The fact that the POM are branched and much denser structures than these linear molecules makes the nonfree-draining character of the PGM plausible.
From the data an approximate expression for (R ; > vs
This shows a considerably smaller effect on R g than reported
1000 500 500 and Reed et al. 37 found negative slopes of D vs polymer concentration for PG monomers and hyaluronate, respectively. These negative slopes were probably due to polyion aggregates which dominated the light scattering intensity. This phenomenon is discussed elsewhere.
• 25
The linear limit of the hydrodynamic coupled mode theory30 for charged spheres can be used to attempt analysis of the e p dependence of the apparent (measured) diffusion co-
where e p is the molarity of polymer, Dp is the e p = 0 limit of D (and is assumed independent of e s ' which is clearly not true for the PGM in light of Fig. 6 ), D; is the small ion diffusion coefficient and is much larger than Dp' and Zp is the net charge on the polymer. Values of Zp ranged from 23 to 148 in going from e s = 2 to 500 mM, which is against the expected trend of decreasing Zp with increasing e s , and much smaller than the expected titration charge of around 3000. Such underestimates of Zp using the above theory are typical. 29 Figure 9 vs C s ' especially at higher C p is reminiscent of the extraordinary diffusional phase reported for several different polyelectrolytes.
3 0-33 As C s increased the polydispersity index Q ( Q = f.J./r2, where f.J. and r are the first and second moments of the series expansion of the logarithm of the scattered electric field autocorrelation function) decreased from around 0.5 to 0.15. This suggested mUltiple relaxation times in the autocorrelation decay curve.
To investigate the multiple decays in the 0.22 f.J.m filtered solutions the correlator channels were divided into two halves (the "multitau" option of the BI 2030 correlator), the first half having a sample time of 10 f.J.s/channel and the second half having 160 f.J.s/channel. Figure 9 (b) shows the () = 90· for D vs C s at [PG] = 0.6 and 2.5 mg/ml, corresponding to the short and long decay components, obtained by single exponential fits to the first and second halves, respectively, of the autocorrelator. These curves look similar to those in the reports on simultaneously observed ordinary and extraordinary phases,31-33,49 including the existence of a C s at which point the two phases "split." The C s of the splitting point increases with increasing C p ' although the data is not extensive or accurate enough to quantify the trend. Drifford and Dalbiez 33 reported a linear relationship between the C s of splitting and C p • For the 2.5 mg/ml [PG] the continued drop of the large D vs C s is qualitatively in agreement with Eq. (6) from the coupled mode theory. The large D for 1 mg/ml drops and then rises slightly vs C s ' which does not agree with Eq. (6). The rise of the small D vs C s in Fig. 9 (b) for both 1.0 and 2.5 mg/ml [PG] does not follow coupled mode theory but is suggestive ofthe dissolution of aggregates by salt. Such an increase in D vs C s can be observed when a solution known to contain polyelectrolyte aggregates is titrated with salt.
In fact, recent data 23 • 25 suggest that the long autocorrelation decay, or extraordinary phase (EP), may be simply associated with a small population of polyelectrolyte aggregates stable for long periods at low ionic strength. Because D vs C p is negative for such aggregates, their size increases with concentration, which may bear on the fact that the C s for the EP splitting depends on Cpo These aggregates and hence the EP may be "removable" by proper filtration, even though centrifugation may be ineffective. Furthermore, under certain precipitation and drying conditions for obtaining the polymer powder, there is never an aggregate phase. Thus, for example, hyaluronate and variably ionized PA showed removable EPs, whereas some heparin samples from different sources showed an EP, and others had no EP at all. 50 There was a strong relationship between the absence of an EP and clear, visible crystallinity of the dry heparin, as seen under a microscope.
Accordingly, because the PG monomers are smaller than P A and HA, a series of experiments was performed by filtering the salt-free PG solutions through 0.1 f.J.m membranes instead of the customary 0.22 f.J.m membranes. For 1.0 mg/ml [PG] , for example, this eliminated the large EP jump in D at low C s ' as seen in Fig. 9(a) , where data are shown for both the 0.22 and 0.1 f.J.m filtered samples. Kc/I(q) performed on the same sample, however, continued to give the negative slope of Fig. 5 (a) at low C s • Filtering a 0.2 mg/ml PG solution with the 0.1 f.J.m membrane yielded the J / Kc curve of Fig. 10 . Also shown on Fig. 10 is D( q) , which is broadly peaked at low C s and then becomes fairly flat by 5 mM C s • It thus seems that the unusual negative slope behavior of Kc/J(q) , as well as the J(q) peaks at low ionic strength, are independent of the long autocorrelation time, since such J(q) behavior persists even after the long autocorrelation decay component is almost entirely removed by filtration.
We have confidence in the D vs C s data at high C s in Fig.  9 (a) and in the higher value Dcurves in Fig. 9(b) . We consider the issue of negative and positive slopes in terms of coil expansion in the Discussion.
DISCUSSION

Scattering peaks at low C.
Probably the most salient feature of the scattering results is the existence of the well-defined scattering peaks in Fig. 2 . We first propose a very simple hypothesis and carry out a corresponding data analysis which qualitatively follows the major trends in the data.
Figures 4 and 10 are striking in that there is a point on J(q) which remains nearly constant as the PG solution is titrated with tiny amounts of Nae!. This point is reminiscent of the "isosbestic" point encountered in photochemistry, i.e., the wavelength at which the absorbance or emission intensity remains constant as one chemical species is converted to another. The existence of such a point follows from the simple fact that if for two functions g(x) and hex) there exists an x' such that g(x) = hex') = A, then a*g(x') + b *h(x') = A for all a and b such that a + b = 1.
We propose that the behavior in Fig. 4 results from the progressive loss of polymer in a "locally correlated" state to polymer in a disordered state as the solution is titrated with salt. We use the term locally correlated state as the weakest term for a scattering state which can give scattering peaks. In this "mixed state" hypothesis we assume that the intensity scattered from each state is independent, and that the net observed intensity is the sum of these 
where C I and C 2 are the concentrations of polyion in the locally correlated and disordered states, respectively, subject
where C p is the total polymer concentration, and the functions P and S refer to the form and structure factors, respectively, in each phase. The possible dependence of these functions on each of the main variables q, C s ' and C is indicated explicitly.
If the disordered state were truly in theta condItions (perfect disorder) then there would be no correlation among independent polyions, so that S2(q,C s ,C p ) would equal unity. In the experiments on the PGM theta conditions were never achieved under any C s or [PG] (T = 25 'C), but since data at high enough C s is fit well by Eq. (2), we use this equation for I 2 (q), which makes use of the approximation
It is now hypothesized that the nature of the locally correlated state does not change upon titration with small amounts of salt, (possibly because the added salt ions are absent from the region of the PGM participating in the locally correlated state) but that only the percentage of the polyion popUlation involved in that state diminishes. Thus SI (q,Cs'C p ) = SI (q,C p ).It is further assumed that theac~u al shape of the polyion is practically independent of WhICh state it is in, so that PI (q,C s ) = P 2 (q,C s ) = P(q,C s ) ' Furthermore, since the dramatic changes in Figs. 4 and 10 occur over such a narrow range of added salt, 0--0.3 mM, it is reasonable to approximate P(q,C s ) = P(q,O) over this narrow range. Thus
(9) Equation (9) predicts that for low total C p ' such that 2A2C2M~ 1/P(q) , there will be an approximate or "quasiisosbestic" point at a certain q if there exists a point q; where SI (q;) is near unity. A perfect isosbestic point would exist if theta conditions prevailed in the disordered state (A 2 = 0) for S(q;) = 1.
We can now analyze the data as follows: Since C I (C s ) = 0 for low salt concentrations (e.g., > -1 mM for 0.05 mg/ml [PG]), the experimental values of Kc/I(q) vs q2 can be used to extrapolate to C s = 0 and C p = 0 to obtain P(q,O) . Performing this extrapolation on the data yields a form factor for polyions at C s = 0 with all influence of SI (q) from the locally correlated state eliminated;
We note parenthetically that use of this form factor implies that the I(q) peaks cannot be due wholly to an intramolecular effect. An intramolecular effect seems extremely unlikely, both on theoretical grounds, and on the linearity of P-I (q) even at C. = 0 for very low [PG] [e.g., Fig. 5(b) ]. Now, at no added salt we assume that C I (0) = C p (all the polyions are in the locally correlated state), so that we can extract SI (q) by
where Mis the molecular weight of the PG monomers. Some representative curves of S\ (q,C p ) are shown in Fig. II . First of all, for 0.08 mg/ml, [PG] ,0.32 mg/ml there isa peak to SI (q,C p ) , so that the total intensity peaks seen in Fig. 2 cannot be due, for those concentrations, to the product of a monotonic increasing Seq) and a monotonic decreasing P( q), which has been proposed, for example, to explain neutron scattering peaks in polymer melts 51 (the "correlation hole" argument). This correlation hole argument may be valid, however, for [PG] ,0.08 mg/ml, for which the I(q) peaks are less symmetrical and well pronounced than for the higher concentrations.
Since theS\ (q,C p ) curves of Fig. 11 all have a point near unity, the quasi-isosbestic point must exist. Using the SI (q,C p ) and P(q,O) curves obtained from the data via Eqs. ( 10) and ( 11 ), the total intensity is calculated by Eq. (9). A value of A2 = 1.55 X 10 -3 from the manual extrapolation of the experimental A2 to C. = a in Fig. 7 is used. The results for [PG] = 0.253 mg/ml are shown in Fig. I2 (a) for different values of the fraction of PGM in the locally correlated state CI/C ,and are to be compared with Fig. 4 . The qualitative agree~ent is remarkable. The quasi-isosbestic point seen in Fig. 4 , as well as the trend for I( q) at low q to rise with C., for I(qp) to diminish, and for the peak to finally disappear are reproduced in Fig. 12(a) by Eq. (9).
The mixed state hypothesis also gives qualitative agreement with the scattering for higher [PG] , where the peak was off the high end of the q axis, and KC /1 vs i appeared as negative-slope lines at low C s ' Figure 12 (b) shows theKC /I vsq2 curves calculated according to Eq. (9) for [PG], = 1.0 mg/ml, which can be compared with Fig. 5(a) . The isosbestic point is even more smeared out and harder to identify than in Fig. I2 (a) (as in ray optics of astigmatism it can be located by the vertical "circle ofleast confusion"), which is likewise predicted by Eq. (9) and cannot be taken as in Eq. (10), andA 2 also changes (Fig.  7) .
Although this phenomenological mixed state hypothesis accounts for the most prominent features of the scattering peaks, it does not elucidate the nature of the locally correlated state or the quantitative dependence of C\ and C 2 on C s • There are several theories on the similar peaks found in light and neutron scattering. These generally start with the approximation, also used above, that l(q) = S(q)P(q). A form for the radial distribution function g(r) is then usually assumed or modeled, which depends on particle shape, interparticle potential energy and concentration functions. Seq) is then calculated from g(r) by
where n is the number density of polyions. (12) It is not our intent to make detailed comparisons between our results and these many different theories, but rather to summarize relevant features of these theories to get an idea of the simplest criteria for the existence of the observed peaks. The simplest g(r) is for a hard sphere of radius R, for whichg(r) = 0 for r<R andg(r) = constant for r> R. Via Eq. (12) (x) is the first order spherical Bessel function, which manifests damped oscillations. Thus even for a system of spheres interacting only through a hard core potential, an oscillatory Seq) will build in as C u increases. At low C u Seq) merely increases monotonically over our range of q, so that, again, the correlation hole argument may apply for [PG] <0.08 mg/ml. Undulatory x-ray patterns from liquids often resemble those expected for hard spheres of high volume fraction. In Fig. 2, however, [PG] runs from 0.06 to 0.32 mg/ml, which would give a rough range of volume fractions from 0.005 to 0.03, assuming R = 350 A (using R equal to the hydrodynamic radius R h , at C p = 0 and low salt). Clearly a simple hard sphere potential for the PGM, with R ~Rh could not give the kind of high contrast peaks [contrast defined as the ratio of S(qp )/S(O) seen for Seq) in Fig. 11 ]. Even if there were a high volume fraction of PG acting as hard spheres with R~Rh' then the peaks would not totally disappear as C s increased, but rather their contrast would simply diminish due to a decreased C u as Rh shrank.
A simple approximation for treating the screened Coulomb potential between macroions is to continue to use a squareg(r) as above but to replace R with an effective radius R elf , which depends on the ionic strength. Benmouna et al. 53 examined this case, and, defining r = Relf/R, obtained Eq.
(13) where 24C u r 1 J\(xr)/xr replaces the second term in brackets. Thus with substantially lower C u ' high contrast peaks in Seq) should be observed when r> 1. This square g(r) with ionic strength dependent Relf may thus be the simplest possible model to account for the existence of a high contrast Seq) peak at C s = O.
The correlated state, even at low actual C u , can then be said to resemble liquid-like order, due to the electrostatically enhanced effective Cu' If r is varied in the S(x) of Eq. (13), using the electrostatically enhanced Relf mentioned in the last paragraph, however, the effective square well model does not even qualitatively predict the behavior of the observed l(q). Notably, using parameters appropriate to the experiment, an isosbestic point is not generated. Note that in testing such models for the range 0.08 mg/ml < [PG ] <0.32 mg/ml, Seq) must go from a peaked form at no added salt to a horizontal line at high C s ' in order to agree with experiment. A refinement to the effective square well potential in Ref. 53 uses a linearized screened potential to obtain g(r), and thence Seq). In using experimentally appropriate parameters this model is actually worse, in that it predicts only a monotonically increasing Seq), and never a peaked form, even at C s = O.
A perhaps more realistic potential is that of a hard sphere at r < R, with a screened potential, exp are high contrast peaks with strong Coulombic potentials which quickly diminish to the broad low contrast peak for Seq) as the potential is reduced.
As R goes to a (approaching a point ion) in this latter model, Seq) reduces to (14) where (7 is a screening length dependent on the macroion charge. This Seq), while able to lead to a peak in l(q) when multiplied by an appropriate monotonically decreasing P( q) (correlation hole-type argument, although P(q) = I for a point scatterer) has itself no peak and hence cannot be used to model the Seq) curves for PGM, at least above 0.08 mg/ml.
Thus, qualitatively, the square g(r) with Relf and the square g(R) with screened potential are adequate to account qualitatively for the existence of the l(qp) at C s = 0, although the effects of increasing C s are not accounted for by it.
The simplest picture for the mixed state model can now be stated: At no added salt there is a correlation between PG monomers, at least between nearest neighbors, whose average distance from each other is very close to that predicted by a simple cubic packing of point masses (inset of Fig. 2) . Without an explicit calculation of energy changes compared to kT for excursions away from the average interparticle spacing, it can be surmised that the effective volume fractio?, in the sense of Relf due to the Coulombic potential, is qUite large compared to the hard sphere (actual) volume (R~Rh)' so that high contrast peaks at low actual C can occur. Since no secondary peaks were observed we c;nnot assert, nor is it necessary to assert, that correlations persist significantly beyond nearest neighbors [JI (x)/x peaks rapidly decrease in height, anyway]. This model hence does not require long range order, but does not exclude its possibility, either. Now, as salt is added, the mixed state model asserts that correlations between a certain fraction of the particles are destroyed to the extent that a q-independent A2 is sufficient to describe the residual interactions for the disordered population. Where the interparticle Coulomb potential between neighboring particles is not weakened (perhaps because of "gaps" around some particles in the very low concentration added salt ions), those particles will remain correlated at around the same average interparticle spacing do with the same S(q), their contribution to the total scattering still being given by the first term in Eq. (10). As is clear in Figs. 4 and 10, very small values of C s quickly lead to the loss of the correlated state (e.g., a nearly flat l(q) results by C';C ~ 1 in Figs. 4 and 10) . At present we do not attempt to finlhow the fraction of polymer in each state C I and C 2 , depends on CJC p and possibly other parameters.
Thus this mixed state hypothesis is to be carefully distinguished, say, from the "two state" model of Ise et 01., 40 who proposed a coexistence of disordered and ordered macroion states. The mixed state hypothesis here envisions ( 1 ) a popu: lation of PG monomers disordered by local salt ions, whose interactions are adequately described by a q-independent A 2 , and (2) a population of PG monomers which are pairwise correlated via an electrostatic potential unscreened by salt ions, which leads to a liquidlike order.
Why two states should coexist is not clear to us, so that the two state model remains phenomenological, supported by the agreement of its predictions with experiment. It is not clear, for example, ifit is possible for added salt to be distributed in such a heterogeneous fashion as to produce the two states (e.g., gaps in the concentration of added salt ions maintaining the correlated state), rather than just to be distributed uniformly, thus gradually diminishing the effective radii of the entire population. At high enough ionic strength, at any rate, all PGM are screened and only the disordered state exists. Since the existence of a quasistable lattice of any type is not necessary, PGM can pass between correlated and uncorrelated states rather rapidly, this being dependent mainly on the instantaneous distribution of small ions. The fact that the long autocorrelation decay curve at low ionic strengths is largely removable by filtration, and hence probably represents stable, entangled PG aggregates rather than some type of organized structure, suggests that there is no inherent large difference in diffusion rates between PGs in the two states.
Having established that Seq) in the correlated state has a genuine peak, it is tempting to interpret the peak width in terms of an average mean square deviation from the Bragg spacing d;. Without attempting to extract g(R) from Eq. (12) using the experimental Seq), we simply resort to the disorder parameter of Guinier (Ref. 55 ), a1, whichcharacterizes a loss of long range order. In such a treatment the integral peak width of Seq) is related to the mean square deviation of neighboring particles from the Bragg distance corresponding to the peak. In fact, Podgornik et 01.56 adapted Guinier's treatment to interpreting x-ray peak widths from hexagonally organized DNA rod like arrays under high osmotic stress. Using similar reasoning for a simple average cubic PG arrangement we get for the mean square deviation a1 of nearest neighbors
where aq is found from integration of the experimental Seq) by
We obviously cannot consider correlations between more distant neighbors in this fashion without experimentally measured secondary scattering peaks. From 0.06 to 0.32 mg/ml [PG] there is no detectable systematic change in aq, The ratio (a 1 ) 1/2/ d B thus varies from around 0.52-0.68 in this picture, so that even the locally correlated PGMs are far from being in a neat lattice arrangement.
Apparent persistence length and excluded volume considerations
The decreases in Rg and Rh with increasing C seen in Fig. 6 show that PG monomers behave as flexible ;olyelec-trolytes in terms of the sensitivity of their dimensions to ionic strength. The phenomenon in this case is probably due to two related effects; as the ionic strength increases the short GAG chains forming the branches of the PG monomer become shielded and shorten as their persistence lengths decrease, which decreases R g • Second, and probably more predominantly, the shielding of the individual GAG chains from one another at their irregular root spacings allows the PG to relax and shorten along its long protein backbone axis. Development of a theory to account for these effects and predict the electrostatic contribution to the total persistence length is beyond the scope of this article. It is instructive, nonetheless, to analyze the ionic strength dependence of the Rg in terms of existing theories for linear polyelectrolytes.
Since there is no evidence in the P( q) data of any sphericity to the GAG monomers (Stivala et al.,46 however, claim a spherically symmetric mass distribution based on comparison of experimental and theoretical particle distance distribution functions) it seems a more random model, such as a wormlike chain type is more appropriate. A slightly better model for the PGM according to current structural models would be a "wormlike cylinder" with finite backbone radius around the root mean square end-to-end length of the pendant GAG chains. If we recall that for a rigid cylinder of length L and radius R the radius of gyration is R; between 25-100 A, compared to full R ~500 A,gso that there is experimental evidence that it is th~ dimensions of the core protein which dominate the total (R ;). Thus it may be reasonable to relate the mean square unperturbed R to the total persistence length LT and the contour length L by the usual formula
Since light scattering measures the perturbed (R ;), an apparent total persistence length L T can then be extracted from the measured (R ;), at each value of ionic strength assuming a total contour length L for the protein backbone. The experimental fit to Rg given by Eq. (4) Fig. 13 . Since the number of Kuhn statistical segments varies from about 7.8 at C s = 1000 mM to about 2 at C s = 1 mM, the PG M are far from being in either the rod or random coil limits. Considering L T to be composed of apparent intrinsic and electrostatic persistence lengths Since two of the basic assumptions of this model for L in the case ofPG monomers are clearly violated, namely tha~ the polyelectrolyte be infinitely thin and that there be a uniformly smeared out linear charge density, the discrepant rough experimel!tal powerlaw dependence of r ~ -0.5 (for L around 4000 A) may not seem surprising, and the linear model may be simply dismissed as inappropriate for this case. What is interesting, however, is the fact that a power law of L ; = C s-0.5 has now also been found for a wide variety oflinear polyelectrolytes. These include polystyrene sulfonate,57 hyaluronic acid 23 and variably ionized polyacrylic acid. 25 One possibility given 57 was that taking account of the chain diameter and solving the full nonlinear Poisson-Boltzmann equation, as did LeBret 58 numerically, can lead to a rough r = -0.5 power law at ionic strengths above around O.lmM. Another possibility was that since Eq. (17) gives the unperturbed (R ;) 0' and light scattering measurements give the perturbed (R ;), electrostatic excluded volume theories might be used to obtain an approximate value of the expansion factor a ( (R ;) = a using the Gupta-Forsman equation for a a 5 -a 3 = (134/105) (1 -0.885N 
where Nk is the number of Kuhn segment lengths in the polymer and z is the standard excluded volume parameter from perturbation theory
where lk is the Kuhn segment length. The Skolnick-Fixman form for the binary cluster integral p, is used;
where w = 2rrs 2Q -IK-I exp( -Kd), d being the cylinder diameter, and
In the coil limit of hyaluronate and partially ionized PA this correction was qualitatively good. Recent Monte Carlo simulations using the Debye-Hiickel approximation for an infinitely thin chain in a threefold rotational isomeric state model 59 also show that a rough Le -C ,-0.5 power law arises, regardless of how smoothly or irregularly the charge is distributed. Excluded volume corrections of the type outlined above brought the theoretical (R; > into good agreement with the Monte Carlo values. In the case ofPGM it is hard to define a linear charge density. Taking there to be roughly one million daltons of sulfated GAGs, condensed to S = 1, i.e., with roughly one elementary charge per 350 daltons of GAG, yields around 2900 elementary charges distributed over the 4000 A contour length of the protein backbone. The value of sin win Eqs. (22) and (23) is thus taken as around 5.2. Applying the same corrections to PG monomers, however, gives a small difference between the perturbed and unperturbed Rg's (i.e., a< 1.1). Kitchen and Cleland 39 also calculated a very small a ( ~ 1.06) for bovine nasal PG in 4 M GdHCI. In the absence of appropriate theories for the peculiar graft polymer nature of the PGM it remains puzzling why L ;aC;-0.5. Surprisingly, however, excluded volume calculation based on slight modification ofYamakawa's21 Eq. (21.5) for A2 (24) give a remarkably good fit to the A2 vs C s data shown in Fig.  7 . The solid line in Fig. 7 where a, p, and z are as given by the above expressions. A 2 ,hs represents high C s limit of A2 and was found experimentally to be around 1.7 X 10 -4. The excluded volume correction was somewhat sensitive to the cylinder diameter d and so a value of 50 A (twice the cross sectional Rg for PGM from Ref. 46) was used. It was quite insensitive to intrinsic persistence length (50 and 240 A gave virtually the same fit). It should be noted that the A2 in Fig. 7 were determined at C s high enough to consider that C 1 in Eq. (9) (concentration in locally correlated state) is negligible, so that [PG] ~ C 2 and Eq. (2) with Q(O) = 1 is valid and represents the total scattering intensity. This assumption may be responsible for the small but systematic difference in A2 values obtained at [PG] = 1.0 and 2.5 mg/ml.
A hard sphere calculation of A2 with R = 300 A ( = Rh at high C s ) and M = 1.16 million gives A2 = 2.02 X 10 -4 . Although this value is in reasonable agreement withA 2 ,hs the inability of the purely hard sphere intera~tion to account for A2 vs C s is shown by the dotted line in Fig. 7 , calculated from
where R is taken as 0.57 times the value of (R ; > 1/2 given in Eq. (4), which guarantees convergence of A2 to A 2 ,hs at high C s • The hard sphere curve is seen to underestimate A2 at low Cs· Poly ion expansibility correction to the coupled mode
Eq. (6)
The linearized coupled-mode result, Eq. (6), assumes that Dp is independent of Cs' Since Dp is an experimentally known function of C s (Fig. 6 ), Eq. (6) can be rewritten simply as
where Dp,hS is the diffusion coefficient at high salt and C s is now expressed in mM to match Eq. (4). When substituting C p values into Eq. (28) with typical Zp values (20-150) the qualitative behavior of Figs. 9(a) (above 5 mM) and 9(b) (all Cs, higher value D curves) is recovered, i.e., a negative slope for high C p and an initially negative then positive slope forintermediate C p (e.g., 0.6 mg/ml). Thus even though the Zp values are low, the coupled mode theory with polyion expansivity included, continues to agree qualitatively with the experimental trends.
Removability of the extraordinary phase
As seen in Figs. 9(a) and 9(b) there appears to be a low value of D, originating in a "slow mode" of the scattering autocorrelation decay function, which is reminiscent of the so-called extraordinary phase reported for many polyelectrolytes in low ionic strength conditions. Also seen in Fig.  9(a) , however, is evidence of the removability of the EP by filtration of the PGM solution through 0.1 f.lm membranes. In that case there is a gradual, smooth increase of D vs C s rather than ajump. Also, Q was -0.2 even at no added salt and no "slow phase" could be observed when dividing the correlator into two halves as was done in Fig. 9(b) . In fact, the difference in Fig. 9(a) between the D for the 1 mg/ml [PG] filtered through 0.22 and 0.1 f.lm membranes is strikingly similar to Fig. 4 in a study by Zero and Ware 60 on the EP of poly-L-Iysine (mol. wt -90000). In that figure the abrupt rise in D [similar to the data for 0.22 f.lm filtered 1 mg/ml PGM in Fig. 9(a) ] was obtained by dynamic light scattering, whereas the smoothly rising data [similar to the 0.1 f.lm filtered 1 mg/ml PGM in Fig. 9(a) ] were obtained by the fluorescence recovery after photobleaching technique (FRAP). Zero and Ware point out that dynamic light scattering is the only known method which reveals the EP and its transition to the ordinary phase.
In light of the fact that light scattering is extremely sensitive to the presence of even small amounts of aggregates, whereas techniques such as FRAP are not, and considering that the apparent EP for PGM is largely removable by filtering, we conclude that the EP is due simply to the presence of a tiny amount of entangled polyelectrolyte aggregates. The pore size of the filter with respect to the dimensions of the polymer is clearly of critical importance in removing the aggregates. These aggregates appear fairly stable at very low ionic strengths, but become untangled as C s increases. There are a number of ways that these aggregates can form, including lyophilization prior to dispersal in solvent, and no impurities need be involved. We defer conjectures as to the mechanisms of the aggregates' stability at low C s to a future work, but note that the trend seems fairly general for other polyelectrolytes.23.25.50 Significantly, Fig. 10 shows that the existence of the I(q) peaks at low C s are not affected by the absence ofthe EP, i.e., the peak persists even after removal of aggregates by filtering. The aggregates are not "temporal" or fleeting in the sense that, at least on a time scale of hours, they do not reappear after removal. That this temporal behavior may not be general for all polyelectrolytes, however, is evidenced in a recent work on short (150 base pair) DNA fragments, which reported the gradual reappearance, after filtration, of what those authors termed "loose aggregates or localordering."6I,62
SUMMARY
Bovine nasal PG monomers behave as non-free-draining polyelectrolytes whose apparent electrostatic persistence length varies roughly as C s-0.5. At very low ionic strengths there are well-defined light scattering peaks in the range q = 0.001 to 0.003 A -I for [PG] = 0.062--0.3 mg/ml. A simple mixed state hypothesis (coexisting disordered and liquidlike locally correlated states) is presented which qualitatively explains the behavior of I(q) at different C s and Cpo Interpretation of the integral peak-width t::.q of the Seq) peaks in terms of Bragg center disorder t::.~ shows that the local correlations are probably quite weak. The slow or extraordinary diffusional phase apparent at low C s appears to be removable by filtration through 0.1 pm membranes. Thus its origin is thought to involve PG aggregates. The persistence of the locally correlated phase static scattering behavior even after the removal of the extraordinary phase strongly suggests the two phenomena [peaks in I(q) and a long term decay in autocorrelation] are not related. The rough C s-0.5 dependence of the apparent electrostatic persistence length L; is hard to understand in the light of persistence length and electrostatic excluded volume theories for linear polyelectrolytes, although the latter theories account quite well for the dependence of A2 on C s •
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